Thienamycin and the related naturally occurring compounds are /Mactam antibiotics possessing potent antibacterial activities against a wide range of Gram-positive and Gram-negative bacteria. But they are chemically unstable and easily metabolized by renal dehydropeptidase-I (DHP-I) 1 >2). Therefore, extensive efforts have been directed toward the synthesis of new carbapenem compounds in order to improve these disadvantageous properties.
Wehave studied on the synthesis of a variety of carbapenem derivatives and found that the carbapenem compounds having 5'-aminocarbonyl pyrrolidin-3'-ylthio group as C-2 side chain showed good antibacterial activities. Wehave also investigated the correlation of biological properties with the structure focusing on (1) the stereochemistry at the asymmetric centers (C-3' and C-5') in the C-2 side chain, (2) the substituents Rx and R2 on the aminocarbonyl group (CONR1R2), and (3) the introduction of methyl group at the C-l position of carbapenem skeleton in the series of 2-(5/-amino-carbonylpyrrolidin-3/-ylthio)-carbapenem derivatives.
As a result, we ultimately obtained a novel carbapenem, (\R,5S,6S)-2-[(3S,5S)-5-dimethylaminocarbonyrpyrrolidin-3-ylthio]-6-[(i?)-1 -hydroxyethyl]-1 -methylcarbapen-2-em-3-carboxylic acid (SM-7338)3), which exhibited a well balanced antibacterial spectrum including antipseudomonal activity and high stability to DHP-I.
Chemistry 4-Mercaptopyrrolidine derivatives were prepared by a sequence of reactions shown in Scheme 1.
/fww-4-Hydroxy-L-proline (7) was treated with /?-nitrobenzyl chloroformate to give JV-protected 4-hydroxyproline (8), which was esterified with /?-methoxybenzyl chloride in the presence of triethylarnine to give /?-methoxybenzyl ester (9). Conversion of hydroxyl group of 9 to acetylthio group was carried out with thioacetic acid by Mitsunobu reaction4) to give thioacetate (10) with inversion of C-4 configuration. Removal of /?-methyoxybenzyl (PMB) protecting group of 10 by the treatment with trifluoroacetic acid and anisole5) gave carboxylic acid (ll), which was transformed into amide (12) by activation with isopropyl chloroformate followed by reaction with the corresponding amines. Finally the acetylthio group of 12 was readily hydrolyzed with 4n NaOHin methanol to give mercaptan (13), which was used in the next reaction without purification.
The preparation of the C-4 epimer of 13 was achieved by the inversion of hydroxyl group of 9 using Mitsunobu reaction4) followed by the method described above. Someof the mercaptans were also prepared by the different synthetic route as shownin Scheme1. Thus, 8 was transformed into amide (18) by similar procedure to that described above. The hydroxyl group of 18 was mesylated with methanesulfonyl chloride and triethylamine to give mesylate (19). Treatment of 19 with potassium thioacetate6) in DMFand toluene gave thioacetate (12), which was hydrolyzed to give 13.
The antipode and C-2 epimer of 13 could be obtained by using d.s-4-hydroxy-D-proline (20) as a starting material under the similar reaction condition to those described above. The preparation of a series of carbapenems was achieved according to an established method by Merck's group7). The general synthetic pathway is shown in Scheme 2. The chiral 2-oxo-carbapenam ester (25)8) was used as the starting material for the synthesis of all carbapenem compounds. Treatment of 25 with diphenyl chlorophosphate in the presence of diisopropylethylamine, followed by addition of (2S,4S)-4-mercaptoproline derivatives (13) provided carbapenem esters (26). Removal of /?-nitrobenzyl (PNB) and /?-nitrobenzyloxycarbonyl (PNZ) protecting groups was carried out by catalytic hydrogenation of 26 over 10% Pd-C in the presence of 3-(A^morpholino)propanesulfonic acid (MOPS) buffer (pH 7.0) provided the target carbapenem compounds having (3'S,5'S)-C-2 side chain (1), after purification by column chromatography on Diaion CHP-20P. (3'R,5'S), (3"R,5'R) and (3'S,5'i?)-carbapenems, stereoisomers on the C-2 side chain (2, 3 and 4) were prepared similarly using mercaptans (17, 22 and 24) in place of 13.
As to the preparation of 1-methyl analogues, l/?-methyl-2-oxocarbapenam (27) and la-methyl isomer (28) were used as starting materials instead of 25. Syntheses of both intermediates have been previously reported9'10). Convertion of 27 to l/?-methylcarbapenem (5) was carried out by similar procedure to that described above, but 28 could not be readily transformed to l a-methyl enolphosphate, as already reported1 0).
Addition of a catalytic amount of 4-dimethylaminopyridine could lead to the completion of this transformation, and the enolphosphate was converted to l a-methylcarbapenem (6) by condensation reaction with mercaptan (13) and catalytic hydrogenation.
Biological Properties
The MICsof the novel carbapenems against Gram-positive and Gram-negative bacteria and the stability data (T1/2) to DHP-I are listed in Tables 1, 2 and 3. First of all, the effects of the stereochemistry at C-3' and C-5' positions on the C-2 side chain moiety were investigated in 5' -carbamoyl and 5' -dimethylaminocarbonyl series (la, lb, 2a, 2b, 3a, 3b, 4a and 4b) . As shownin Table 1 , all four stereoisomers showed excellent antibacterial activities against Gram-positive and Gram-negative bacteria except for Pseudomonasaeruginosa. There was remarkable difference in their observed anti-pseudomonal activities. ds-Isomers were more active than fr-aws-isomers, and (3'S,5'S)-isomers (la and lb) showed the best anti-pseudomonal activity. Concerning the stability to DHP-I, significant difference was not found among four isomers in both cases of CONH2and CON(CH3)2.
The correlation of biological activities with a variety of 5'-aminocarbonyl substituents (CONR1R2) was investigated using the (3'*S,5'»S)-stereoisomer, which was the most preferable isomer for anti-pseudomonal activity described above. In this series, all of the compounds synthesized showed excellent antibacterial activities against Gram-positive and Gram-negative bacteria tested. But a wide range of anti-pseudomonal activity (0.78~25 jug/ml) was also observed. The 5'-aminocarbonyl substituents, as well as the stereochemistry on C-3' and C-5', plays an important role for anti-pseudomonal activity, la, le and lg exhibited well balanced antibacterial spectra. The stability to DHP-I was not strongly influenced by variation of R1 and R2 (see Table 2 ).
Finally, the effects of introduction of methyl group at the C-l position of (yS,5'S)-5f- dimethylaminocarbonyl and 5'-pyrrolidinylcarbonyl derivatives were investigated. As shown in Table 3 , the introduction of /?-methyl group effectively enhanced not only the stability to DHP-I as previously reported9'11}, but also the activities against Gram-negative bacteria. Especially, it was interesting that good improvements of the stability to DHP-I and anti-pseudomonal activity were observed by the introduction of /?-methyl group in the case of 5'-dimethylaminocarbonyl derivative (5a). On the other hand, the significant improvement of stability to DHP-I was not observed in the l a-methyl isomer (6a) and moreover its antibacterial activities were decreased1 1}. Amongthe carbapenem compounds synthesized, 5a was the most interesting General Analytical Methods compoundand was selected for further evaluation. Experimental MP's were determined on a Thomas-Hoovercapilary melting point apparatus and were uncorrected. IR spectra were recorded on a Hitachi 260-10 IR spectrophotometer. XHNMRspectra were taken with Jeol FX-90Q (90 MHz) and JNM-GX270 (270 MHz) FT spectrometers, in the designated solvent, using tetramethylsilane or residual DOH(S 4.80) as an internal reference. UVspectra were recorded on a Hitachi 330 UV-VISspectrophotometer. Mass spectra were obtained on Hitachi DF/GC/MSM-80 and DPS M-003 (3 kV) spectrometers. Optical rotations were determined on a Jasco DIP-181 digital polarimeter. Column chromatography was carried out on Silica gel 60 (70~230 mesh, E. Merck).
(2S,4i?)-2-Carboxy-4-hydroxyl -/?-nitrobenzyloxycarbonylpyrrolidine (8) To a solution of rra«,s-4-hydroxy-L-proline (7) (27.5 g, 0.21 mol) and 2n NaOH(230ml) was added dropwise a solution of PNB chloroformate (49.5g, 0.23mol) in CH2C12 (40ml) at 0~5°C and stirred for 2 hours at the same temperature. After addition of 2n NaOH(50ml), the aqueous layer was separated from the reaction mixture, washed with CH2C12 (70ml) and acidified with cone H2SO4 (38 g) at 0~5°C. (2S,4i?)-4-Hydroxy-2-/?-methoxybenzyloxycarbonyl-1 -/?-nitrobenzyloxycarbonylpyrrolidine (9) To a solution of 8 (15.0g 48mmol) and triethylamine (13.5ml, 97mmol) in DMF (150ml), PMB chloride (1 3.6 g, 87 mmol) was added dropwise at room temperature under nitrogen atmosphere and stirred for 10 hours at 70°C. The reaction mixture was diluted with EtOAc (500 ml), washed with water and dried over Na2SO4.Evaporation of solvents in vacuo gave a crude crystal which was recrystallized from Et2O to afford 9 (18.2g, 88%): MP 83~85°C; IR (Nujol) (2S,4S)-4-Acetylthio-2-/?-methoxybenzyloxycarbonyl-1 -/?-nitrobenzyloxycarbonylpyrrolidine (10) To a solution of 9 (8.6g, 20mmol) and triphenylphosphine (7.86g, 30mmol) in THF (20ml) was added dropwise a solution of diethyl azodicarboxylate (5.22g, 30mmol) in THF (5 ml) at 0-5°C under nitrogen atmosphere and stirred for 30 minutes at the same temperature. Thioacetic acid (2.28 g, 30 mmol) was added dropwise to the mixture. After stirring for 1 hour at 0-5°C and then at room temperature for 3 hours, the reaction mixture was concentrated in vacuoto give an oily residue whichwas purified by silica gel column chromatography to afford 10 (9.7g, 99%): IR ( (2S,4S)-4-Acetylthio-2-carboxy-1 -/7-nitrobenzyloxycarbonylpyrrolidine (1 1) A mixture of 10 (9.76g, 20mmol), anisole (4.32g, 40mmol) and TFA (35ml, 450mmol) was stirred for 30 minutes at room temperature. The reaction mixture was concentrated in vacuo to give an oily residue which was purified by silica gel column chromatography to afford ll (7.36g (2S,4S)-4-Acetylthio-2-dimethylaminocarbonyl-1 -/?-nitrobenzyloxycarbonylpyrrolidine (12a) To a solution of ll (6.4g, 17.4mmol ) and triethylamine (3.26 g, 32.3 mmol) in THF (80ml) was added dropwise isopropyl chloroformate (3.45 g, 28. 1 mmol) at -10-5°C under nitrogen atmosphere and stirred for 20 minutes. Then a 1 m solution of dimethylamine in THF(39ml) was added to the reaction mixture at -10~0°C. After stirring for 20 minutes, the reaction mixture was poured into cold water and extracted with EtOAc. The extract was successively washed with diluted HC1and water, and dried over Na2SO4. Evaporation of the solvents in vacuo gave an oily residue which was purified by silica gel column chromatography to afford 12a (6.60 (2ff,45)-2-Dimethylaminocarbonyl-4-mercapto-1 -/7-nitrobenzyloxycarbonylpyrrolidine (13a)
To a solution of 12a (2.5g, 6.33mmol) in MeOH (15ml) was added dropwise 4n NaOH (1.66ml) at 0~5°C and stirred for 15 minutes at the same temperature. After addition of 4n HC1 (1.74ml), the reaction mixture was diluted with EtOAc (65 ml). The separated organic layer was washed with brine and dried over Na2SO4. Evaporation of the solvents in vacuo gave an oily residue containing 13a (net 2.06 g, 92%) which was used in the next step without further purification.
An analytical sample of 13a was prepared as colorless crystals by recrystallization from EtOAc-hexane Mercaptans (13b~13k) were prepared from 12b~12k as described for the preparation of 13a, respectively, and also used in the next step without further purification.
To (25,45)-4-Hydroxy-2-/7»methoxybenzyloxycarbonyl-1 -/7-nitrobenzyloxycarbonylpyrrolidine (1 5) To a solution of 14 (2.37g, 5.17mmol) in THF (12ml) was added dropwise In NaOH (10ml) at 0~5°C and stirred for 10 minutes at the same temperature. The reaction mixture was diluted with EtOAc, washed with brine and dried over Na2SO4. Evaporation of solvents in vacuo gave a crude crystal which was recrystallized from Et2O to afford 15 ( (25,4i?)-2-Dimethylaminocarbonyl-4-hydroxy-1 -/?-nitrobenzyloxycarbonylpyrrolidine (18a) To a solution of 8 (8.7g, 28mmol) and triethylamine (4.25 g, 42mmol) in CH2C12 (80ml) was added isopropyl chloroformate (5.15 g, 42mmol) dropwise at -10~0°C under nitrogen atmosphere and the mixture was stirred for 1 hour at the same temperature. Dimethylamine hydrochloric acid salt (4.57g, 56 mmol) and then triethylamine (8.48 g, 84mmol) were added to the reaction mixture at -10~0°C. After stirring for 1 hour, the reaction mixture was successively washed with 1 n HC1, brine, 5% NaHCO3and brine, and dried over MgSO4. Evaporation of the solvents in vacuo gave 18a (9. (25,4i?)-2-Dimethylaminocarbonyl-4-mesyloxy-1 -/7-nitrobenzyloxycarbonylpyrrolidine (19a) To a suspension of 18a (9.35 g, 27.7mmol) and triethylamine (3.36g, 33.2mmol ) in CH2C12 (50ml), methanesulfonyl chloride (3.81 g, 33.2 mmol) was added dropwise at -10~0°C under nitrogen atmosphere. After stirring for 1 hour at the same temperature, the reaction mixture was successively washedwith brine, 5%NaHCO3 and brine, and dried over MgSO4. Evaporation of the solvents in vacuo gave a crude crystal which was recrystallized from MeOH-hexane (25,4i?)-4-Acetylthio-2-dimethylaminocarbonyl-1 -/?-nitrobenzyloxycarbonylpyrrolidine (1 2a) A mixture of 19a (9.8g, 23.6mmol) and potassium thioacetate (4.04g, 35.4mmol) in DMF (30ml) and toluene (30ml) was stirred at 65~70°C for 6 hours under nitrogen atmosphere. After cooling, the reaction mixture was diluted with toluene (190ml) and water (170ml). Aqueous layer was re-extracted with toluene (50 ml). The combined organic layer was washed with brine and dried over MgSO4. Evaporation of the solvents in vacuo gave an oily residue which was purified by silica gel column chromatography to give 12a (7.92g, 85%) . This compound was identified by comparison of IR and NMRspectra with the sample prepared from ll.
To a solution of PNB (S.R^S'VK^-l-^-nitrobenzyloxycarbonyloxyethyy^-oxocarbapenam-S-carboxylate (25) (2.1 1 g, 4.0mmol) and diisopropylethylamine (1.55 g, 12 mmol) in CH3CN(42ml) was added diphenyl chlorophosphate (1.18 g, 4. 4mmol) at 0~5°C under nitrogen atmosphere. After stirring for 20 minutes, a solution of mercaptan (13a, 1.62g, 4.6mmol) in CH3CN(10ml) was added to this mixture at the same temperature and followed by stirring for 2 hours. The reaction mixture was diluted with EtOAc, washed with brine and dried over MgSO4.Evaporation of the solvents in vacuo gave an oily residue which was purified by silica gel column chromatography (CHC13 -(CH3) 2CO, 19 : 1) The following compounds (26b-26k) were prepared from 25 via enolphosphate as described for the preparation of 26a, respectively. The following stereoisomers of C-2 side chain (29a, 29b, 30a, 30b, 31a and 31b) were prepared from 25 via enolphosphate as described for the preparation of 26a, respectively. A mixture of 26a (4.0g, 4.64mmol) and 10% Pd-C (4.8g) in THF (300ml), EtOH (48ml) and 0.1 m MOPSbuffer (300ml, pH7.0) was stirred under hydrogen atmosphere for 5 hours at room temperature. The catalyst was filtered off and washed with THF (100ml) and 0.1 m MOPSbuffer (50ml) successively. The filtrate and washings were diluted with EtOAc (50ml) and the separated organic layer was re-extracted with 0.1 m MOPSbuffer (50ml). The combined aqueous layer was concentrated briefly to removeany residual organic solvents in vacuo and then subjected to columnchromatographyon Diaion CHP-20P (Mitsubishi Chemical Industries, Ltd.) which was successively eluted with water and water containing 1 -2% of THF. The fractions having UVabsorption at 290 nm were combined and lyophilized The following compounds (lb -Ik) were prepared from 26b-26k as described for the preparation of The following stereoisomers of C-2 side chain (2a, 2b, 3a, 3b, 4a and 4b) were prepared from 29a, 29b, 30a, 30b, 31a and 31b as described for the preparation of la, respectively. 2a: IR (KBr)cm"1 1750, 1630, 1590; XH NMR(D2O) 3 1.27 (3H, d, 7=6.5Hz 
